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Goals For Student Learning
This seminar module was created to help students:
* Appreciate the usefulness of historical data in reconstructing phenological patterns of
the past
* Understand the types of phenological measurements that may be recorded using
herbarium specimens
* Understand how researchers compare historical phenological observations with
observations made in the present-day
* Learn how historical data can assist us in making predictions about the future

Historical Records And Phenology

Historical records and museum specimens have played important roles in documenting
species’ phenological responses to climate change. Contemporary studies generally vary in their
duration and occur on relatively short time scales. Historical records and herbarium specimens,
however, often date back to the past century. Miller-Rushing and Primack (2008) made use of
phenological data collected by the American naturalist Henry David Thoreau and the botanist
Alfred Hosmer. Miller Rushing and Primack (2008) evaluated the relationship between spring
temperatures and flowering time in a plant community in Concord, Massachusetts. Their study
demonstrated that: (1) on average plants are flowering earlier than they did 150 years ago, and
(2) this shift to earlier flowering is associated with warming temperatures. Whether the
warming temperatures are due to climate change or to a “heat-island” effect associated with
urbanization is a topic that students should be encouraged to debate.

Two features of herbarium specimens make them amenable to phenological research.
First, when feasible, botanists try to collect whole plant specimens for preservation in herbaria.
Second, herbarium specimens include detailed information regarding the date and location of
collection. Thus, for a given date and location, contemporary researchers can record detailed
phenological measurements, such as: the date of first flowering (if a plant specimen bears only
one flower, several buds, and no fruits) and the date of peak flowering (when, for example, 50%
- 75% of a plant’s buds have bloomed).

Primack et al. (2004) published one of the first studies to use herbarium specimens for
the express purpose of linking past and current phenological patterns to climate change.
Several other studies have been published in recent years, including a study by Robbirt et al.
(2011), who used both field observations and herbarium specimens to evaluate long-term
phenological patterns in a European orchid species (Ophrys sphegodes). Collectively, these
studies suggest that plant phenological schedules have shifted in response to global climate
change, and that herbarium specimens can be used to demonstrate this phenological change.
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Suggested Discussion Questions

1.

What are some benefits of using historical records to study phenology? Can you think of
any specific challenges involved in conducting historical research? (Primack et al. 2004,
Miller-Rushing and Primack 2008, Robbirt et al. 2011)

What are the main findings presented in Figure 2 in Miller-Rushing and Primack (2008)?
What does each data point in Figure 2A represent? What does each data point in Figure
2B represent?

How did Primack et al. (2004) quantitatively estimate changes in flowering time and
relate them to changes in Boston’s spring temperatures?

What do the patterns presented in Figures 2 and 3 of Primack et al. (2004) suggest
about the relationship between temperature and flowering time at the Arnold
Arboretum? What are some factors that may have contributed to the strong
relationship between temperature and flowering time observed in this study?

When combining data derived from multiple sources, it is important to reduce
inconsistencies among sources that might compromise the data’s ability to support the
conclusions of a given study. This issue seems particularly relevant for Miller-Rushing
and Primack’s (2008) study, which combines data collected by three different research
teams whose work spanned over 150 years. What steps did Miller-Rushing and Primack
take to maximize consistency among observers?

Over how many years did the herbarium data analyzed by Robbirt et al. (2011) span?
Over how many years did the field phenological observations analyzed by Robbirt et al.
(2011) span? What was Robbirt et al.’s (2001) motivation for comparing phenological
measurements obtained from field observations to those obtained from herbarium
specimens?
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7. How (if at all) has the flowering phenology of Ophrys sphegodes changed over time?
Upon what evidence from the paper do you base your opinion?

8. Do you think that Robbirt et al.’s (2011) study confirms that herbarium data collection is
an appropriate substitute for field observations in Ophrys sphegodes? Upon what
evidence from the paper do you base your opinion?

9. What do these papers as a whole suggest about the use of historical records/herbarium
specimens in phenological research? Can you think of any instances where these types
of legacy data might not be appropriate?

10. Henry David Thoreau and Alfred Hosner kept careful phenological records in their local
neighborhoods. Has anyone in this seminar ever written down their natural history
observations on a regular basis? Why or why not?

11. There are many other sources of historical phenological data. For example, the
Japanese have been carefully recording the dates of annual cherry blossom festivals (or
Hanami) since the mid-1400’s! What are some other potential sources of historical
phenological information that might enhance our understanding of long-term
phenological patterns?

Glossary

* Herbarium (plural = herbaria): a collection of preserved and labeled plant specimens.
Many herbaria house plant specimens that span a wide geographic area and that date
back many years. Specimens are carefully archived and arranged so that they can be
easily retrieved.

Note for Instructors

We have also developed an herbarium research activity for advanced undergraduate
students that could be integrated into this seminar module. The activity includes a
phenological data set generated from California poppy (Eschscholzia californica) herbarium
specimens. The activity also includes instructions for preparing, visualizing, and statistically
analyzing the herbarium data so that students can determine whether long-term changes in
flowering phenology have occurred. The herbarium research activity can be downloaded at:
WWW.usanpn.org.
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GLOBAL WARMING AND FLOWERING TIMES IN THOREAU’S CONCORD:
A COMMUNITY PERSPECTIVE

ABRAHAM J. MILLER-RUSHING' AND RicHARD B. PRIMACK

Department of Biology, Boston University, 5 Cummington Street, Boston, Massachusetts 02215 USA

Abstract.  As a result of climate change, many plants are now flowering measurably earlier
than they did in the past. However, some species’ flowering times have changed much more
than others. Data at the community level can clarify the variation in flowering responses to
climate change. In order to determine how North American species’ flowering times respond
to climate, we analyzed a series of previously unstudied records of the dates of first flowering
for over 500 plant taxa in Concord, Massachusetts, USA. These records began with six years
of observations by the famous naturalist Henry David Thoreau from 1852 to 1858, continued
with 16 years of observations by the botanist Alfred Hosmer in 1878 and 1888-1902, and
concluded with our own observations in 2004, 2005, and 2006. From 1852 through 2006,
Concord warmed by 2.4°C due to global climate change and urbanization. Using a subset of
43 common species, we determined that plants are now flowering seven days earlier on average
than they did in Thoreau’s times. Plant flowering times were most correlated with mean
temperatures in the one or two months just before flowering and were also correlated with
January temperatures. Summer-flowering species showed more interannual variation in
flowering time than did spring-flowering species, but the flowering times of spring-flowering
species correlated more strongly to mean monthly temperatures. In many cases, such as within
the genera Betula and Solidago, closely related, co-occurring species responded to climate very
differently from one another. The differences in flowering responses to warming could affect
relationships in plant communities as warming continues. Common St. John’s wort
(Hypericum perforatum) and highbush blueberry (Vaccinium corymbosum) are particularly
responsive to changes in climate, are common across much of the United States, and could
serve as indicators of biological responses to climate change. We discuss the need for
researchers to be aware, when using data sets involving multiple observers, of how varying
methodologies, sample sizes, and sampling intensities affect the results. Finally, we emphasize
the importance of using historical observations, like those of Thoreau and Hosmer, as sources
of long-term data and to increase public awareness of biological responses to climate change.
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Key words:  climate change; Concord, Massachusetts; flowering times, global warming; Henry David
Thoreau, phenology.

INTRODUCTION 2006), the storage of carbon in plants and soils (Shaver
et al. 2000), and the timing of life history or phenological
events (Menzel and Fabian 1999, Inouye et al. 2000,
2003, Primack et al. 2004). Of these biological responses
to climate change, changes in the timing of phenological
events are the most widely reported and probably the
most easily detectable (Parmesan and Yohe 2003, Root
et al. 2003). Climate-related changes in phenology, some
quite dramatic, have been observed on every continent
and in the oceans (e.g., Menzel and Fabian 1999, Inouye
et al. 2000, Schwartz and Chen 2002, Edwards and
Richardson 2004, Gordo et al. 2005, Barbraud and
Weimerskirch 2006, Beaumont et al. 2006).

In most instances, phenological events, such as
flowering, bird migration, and amphibian reproduction,

It is astonishing how soon and unexpectedly flowers
appear, when the fields are scarcely tinged with green.
Yesterday, for instance, you observed only the radical
leaves of some plants; to-day you pluck a flower.
—Henry David Thoreau (Thoreau 1962)

Climate change is already affecting biological systems
worldwide (Walther et al. 2002, Parmesan and Yohe
2003, Root et al. 2003). Several studies have detected
effects of climate change on changes in species distribu-
tions (Grabherr et al. 1994, Parmesan et al. 1999), rates
of extinctions (McLaughlin et al. 2002, Pounds et al.
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are now occurring earlier than in the past (Parmesan and
Yohe 2003, Root et al. 2003). However, it is clear that
species’ phenologies are changing at different rates. In
some cases, different phenological events are changing at
different rates even within a single species or individual
plant or animal (Post et al. 2008). These changes have



February 2008

the potential to alter relationships among many species
(Stenseth and Mysterud 2002, Visser and Both 2005)
and could alter species’ exposures to abiotic factors such
as frost (Inouye 2008). Some changes in intertrophic
interactions are already evident (Inouye et al. 2000,
Edwards and Richardson 2004, Both et al. 2006). For
plants, studies have shown significant variation in the
rates at which flowering times are changing across
species (Fitter et al. 1995, Bradley et al. 1999, Sparks et
al. 2000). For example, in England, some species are
flowering more than a month earlier than they did 50
years ago, while other species’ flowering times are not
changing (Fitter et al. 1995). From these findings arise
several questions: Why do species respond differently to
climate change? Can we better characterize these
differences? What species, or groups of species, are
most (or least) sensitive to changes in climate? More
specifically, does season of flowering or growth form
explain any of the variation we see in the responses of
individual species to variations in climate?

The answers to these questions could impact on
individual performance (Gross and Werner 1983, Parra-
Tabla and Vargas 2004) and population and community
dynamics (Inouye et al. 2000, Visser and Both 2005).
Rare and endangered species that do not adapt to these
changes could face extinction. Unfortunately, the
number of species included in most historical data sets
has limited previous studies. To our knowledge, only
one major study has examined the responses of enough
plant species (in this case, 243) to search for biological
patterns that might explain differences in species’
responses (Fitter et al. 1995, Fitter and Fitter 2002).
That study showed that 16% of species flowered
significantly earlier in the 1990s than in previous
decades. Early-flowering species, annuals, and insect-
pollinated species showed the greatest sensitivity to
climate change (Fitter and Fitter 2002). Although their
findings are significant, the observed trends may be valid
only for Europe or central England, where the study
took place.

The purpose of our study was to characterize how
flowering times respond to variations in climate in North
America. To this end, we analyzed data from a
previously unstudied record of first flowering dates in
Concord, Massachusetts, USA. Our data set is unique in
several aspects. First, it spans an exceptionally long
period of time—155 years from 1852 to 2006—which we
accomplish by combining three individual sets of
observations. Second, our data set includes observations
on over 500 plant taxa, which allows us to identify
patterns that occur at the community level. Finally, our
data set begins with the observations of Henry David
Thoreau, the famous naturalist, philosopher, and author
of the widely read book Walden, which could make these
results particularly relevant to a nonscientist audience.
With this unique set of data, we investigated abiotic
factors contributing to variation in flowering responses
to climate change. We tested the hypothesis that climate
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change has altered phenology, and we identified
potential mechanisms responsible for these phenological
changes.

METHODS

Since the 1850s, several botanists have recorded
flowering times in Concord, Massachusetts, USA. These
records began with the work of Henry David Thoreau,
who observed the first flowering dates (FFD) of over 500
species of plants in Concord from 1852 to 1858
(Thoreau 1962; unpublished tables courtesy of B. P.
Dean). Alfred Hosmer, a shopkeeper and amateur
botanist, continued these observations of FFDs in
Concord for over 700 plant taxa in 1878 and 1888-
1902 (Hosmer 1878-1903). Thoreau’s and Hosmer’s
records included the flowering times of plants in all
habitat types. Later, from 1963 to 1993, Pennie
Logemann, a Concord landscape designer, maintained
records of flowering times for over 250 species of plants
that occurred on her property, which consisted primarily
of forest and wetland. Each of these botanists observed
new taxa in flower several days per week during the
flowering season. Thoreau intended to write a book
about phenology, but did not complete it before his
death (Thoreau 1993, 1999). We do not know why
Hosmer kept phenological records, as he never wrote
any papers based on his observations other than those
intended to update the flora of Concord (Hosmer
1899a, b). Logemann made phenological calendars as
an aid for designing gardens. We know that each of
these naturalists had a good working knowledge of the
flora of Concord, because of their abilities to distinguish
taxa that differ in subtle characteristics (Eaton 1974).

We made our own observations of flowering times in
Concord from 2003 to 2006. We purposefully used
methods similar to those of the previous naturalists,
particularly Thoreau and Hosmer. Two or three days a
week from March to October, we recorded plants in
flower across Concord. We observed over 500 species in
flower. For the analyses in this study, we did not use the
observations we made in 2003, because at that time we
were still learning the locations of the plants in Concord
and frequently missed the earliest flowering dates.

We analyzed in detail the FFDs for 43 common,
early-flowering species for which we had the most
flowering data. For these species, we included observa-
tions made by Thoreau (six years, 1852—1858), Hosmer
(16 years, 1878 and 1888-1902), and ourselves (three
years, 2004-2006), for a total of 25 years of observa-
tions. For each species, we had FFD data for at least 19
of the 25 years. Because we did not have observations
for each species in each year, we calculated the difference
between the FFD in each year and the FFD in the
benchmark year of 1893, a year for which we had
observations for all 43 species. This calculation mini-
mized biases caused by different species missing from
each year. We used regression analysis to determine the
relationship between FFD and mean monthly temper-
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Fic. 1. Temperatures at Blue Hill Meteorological Observatory (33 km southeast of Concord, Massachusetts, USA) from 1852
to 2006. The upper line and open circles represent mean annual temperatures. The lower line and solid squares represent mean
monthly temperatures in January, April, and May, temperatures that were highly correlated with flowering times for many species.
Horizontal lines show long-term means for each (annual = 8.3°C; Jan, Apr, May = 5.1°C). Circles and squares show years with

flowering data.

atures. Logemann observed first flowering dates for
eight of these species in at least nine years during the
period 1963-1993. We included her observations in
regressions for these eight species.

For a broad survey of flowering phenology, we
analyzed the records of the 296 taxa (293 species, three
distinct subspecies) of flowering plants for which
Hosmer had made an observation in each of 15 years,
1888-1902. We compared FFD in each year with mean
monthly temperatures. For each taxon, we correlated
the FFD with the mean monthly temperatures of the
month of flowering and each of the 11 preceding
months. From those correlations, we found the months
for which the mean temperatures were best correlated
with FFD. We also correlated each FFD with the mean
temperature for January and the two months preceding
flowering, as temperatures in those months were often
significantly correlated with FFD. Following the exam-
ple of Fitter et al. (1995), we used standard deviations
about the mean FFD as a measure of interannual
variation in flowering time. We then used the regression
analyses and standard deviations to compare several
groups of taxa—e.g., plants that flower in different
months; native and nonnative taxa; and annuals,
perennial herbs, and woody plants—in order to find
patterns that might explain the overall variation in
response to year-to-year changes in climate.

For our analysis, we used dry bulb air temperatures
recorded in a standardized way at Blue Hill Meteoro-
logical Observatory in Milton, Massachusetts, USA (33
km southeast of Concord). Unfortunately, the weather
records for Concord were not complete for the time
period between 1888 and 1902. However, we correlated

the available Concord temperature records (1931-1949)
with those for Blue Hill Observatory and found that
mean monthly temperatures for each year had a
correlation coefficient of 0.995 or higher. Thus, we are
confident that the temperature in Concord was closely
related to that at Blue Hill Observatory.

RESULTS

For 43 common, spring-flowering species (33 native,
10 nonnative), we combined 25 years of observations by
three different observers (Thoreau, Hosmer, and our-
selves) that span the years 1852-2006. Over this time,
mean annual temperatures in Concord rose by 2.4°C and
mean monthly temperatures in January, April, and May
rose by 2.3°C, as determined by linear regression (Fig.
1). Our analysis of these observations showed that these
plants have flowered progressively earlier over the past
150 years (Fig. 2a). For the 43 species, the mean FFD
during Thoreau’s observations (1852—1858) was 14 May,
whereas the mean FFD for our observations (2004—
2006) was 7 May, seven days earlier. The mean FFD for
Hosmer (1878, 1888-1902) was 10 May, intermediate
between Thoreau’s and our own observations. The
differences in FFDs among the three time periods were
highly significant as determined by two-way ANOVA,
considering time period (Thoreau, Hosmer, and our-
selves) and species as factors (P < 0.001). The FFD for
some species changed dramatically from 1852 to 2006.
For example, highbush blueberry (Vaccinium corymbo-
sum), a native shrub, and yellow wood sorrel (Oxalis
europaea), a native herb, are now flowering 21 and 32
days earlier than they did 150 years ago, respectively.
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FiG. 2. Change in mean first flowering dates
(FFD) for 33 native and 10 nonnative species (a)
over time and (b) in response to warming mean
monthly temperatures in January, April, and
May. (a) Symbols correspond to observers and
time periods: solid squares for observations by
Henry David Thoreau (1852-1858), open trian-
gles for observations by Alfred Hosmer (1878,
1888-1902), and solid circles for our observations
(2004-2006). Solid horizontal bars with standard
error bars represent the mean FFD for each 4 May

13 May-

Mean first flowering date
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Thoreau Hosmer Miller-Rushing
and

Primack

observer. Each point (other than solid bars) was 1852 1858 1889 1895 1900 5004

calculated by using the difference between when a
species flowered in a particular year and when it
flowered in the benchmark year of 1893, when all
species were observed. Then we averaged these
differences among species; each point represents
the mean difference in FFD from 1893 for all
species observed in a particular year. (b) Solid
diamonds and the solid line represent mean FFD
for 33 native species. Open circles and the dashed
line represent mean FFD for 10 nonnative
species. Means were calculated as described for
(a), as differences from FFD in 1893. Lines are
best-fit regressions. Natives flowered 2.93 days
earlier per 1°C warming (R = 0.609, P < 0.001).
Nonnatives flowered 3.40 days earlier per 1°C
warming (R> = 0.428, P < 0.001).

29 May

14 May

Mean first flowering date

Year

29 Apr

1.0

The earlier flowering times were strongly correlated
with warming mean monthly temperatures in January,
April, and May over that time period. On average,
plants flowered 3.07 days earlier for each 1°C increase in
mean monthly temperatures, as determined by linear
regression (43 species, R*> = 0.609, P < 0.001; Fig. 2b).
The changes in FFD for native (33 species, 2.93 days
earlier per 1°C, R>=0.596, P < 0.001) and nonnative (10
species, 3.40 days earlier per 1°C, R =0.428, P < 0.001)
were virtually identical. Average January, April, and
May temperatures were 4.3°C during Thoreau’s obser-
vations, 5.0°C during Hosmer’s observations, and 5.9°C
during our own observations.

Of these 43 common species, Logemann observed
eight, all native, in at least nine years (1963-1993).
Inclusion of her observations improved the ability of
temperature to explain FFDs for three species—
shadbush (Amelanchier canadensis), bunchberry (Cornus
canadensis), and wild strawberry (Fragaria virginiana)—
as indicated by R? values from the flowering-tempera-
ture relationship; R> values increased when her obser-
vations were included. FFDs of three species were not
correlated with temperature, with or without Loge-
mann’s observations, and Logemann’s observations did

3.0 5.0 7.0
Mean monthly Jan, Apr, May temperatures (°C)

not improve the explanatory power for the remaining
two species.

For our broad survey of 296 species that Hosmer
observed from 1888-1902, mean FFD ranged from 4
March, for skunk cabbage (Symplocarpus foetidus), to
14 August, for swamp rose mallow (Hibiscus palustris).
Some species, such as witch hazel (Hamamelis virgin-
iana), flowered earlier or later, but Hosmer’s records for
those species were not complete. Most plant taxa
flowered in May (82), June (86), and July (76); fewer
taxa flowered in March (2), April (32), and August (18);
and the mean flowering date for all plants was 12 June.

On average, the Concord plants observed by Hosmer
responded to each 1°C increase in mean January, April,
and May temperatures by flowering 3.28 days earlier
(296 taxa, R*=084, P < 0.001). Of the 296 taxa we
examined, 279 (94%) flowered earlier in years with
warmer mean monthly temperatures in January and the
two months prior to flowering, as indicated by negative
correlations; 168 (57%) showed significant (P < 0.05)
correlations between FFD and mean monthly temper-
atures. No taxon showed a significant trend toward later
FFD with warmer mean monthly temperatures. For 20
taxa, mean monthly temperatures explained more than
60% of the variation in FFDs (R* > 0.60; Table 1). For
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TasLe 1. The 20 taxa with first flowering dates (FFD) best predicted by mean monthly temperatures in January and the two

months prior to flowering, out of a sample of 296 taxa.

Mean

Species Common name R Change FFD SD
Hypericum perforatumy common St. John’s wort 0.73 -3.5 21 Jun 5.1
Cichorium intybust chicory 0.70 -3.5 30 Jun 5.1
Amelanchier canadensis shadbush 0.70 —-34 2 May 5.6
Viola pubescens downy yellow violet 0.69 —4.5 9 May 73
Vaccinium corymbosum highbush blueberry 0.67 -5.6 8 May 9.3
Erigeron pulchellus Robin’s plantain 0.66 —5.8 21 May 9.6
Kalmia polifolia pale laurel 0.66 -3.2 12 May 5.3
Chelidonium majus¥ celandine 0.66 —4.3 13 May 7.2
Chamaedaphne calyculata leatherleaf 0.65 -3.2 22 Apr 5.7
Melampyrum lineare cowwheat 0.64 -34 16 Jun 5.2
Vaccinium vacillans late low blueberry 0.64 —4.6 4 May 7.7
Lysimachia terrestris swamp candles 0.64 —4.5 25 Jun 6.8
Maianthemum canadense Canada mayflower 0.63 -34 18 May 5.8
Rhododendron nudiflorum pink azalea 0.63 —4.5 26 May 7.7
Iris versicolor larger blue flag 0.63 —4.0 1 Jun 6.1
Cornus canadensis bunchberry 0.62 —44 22 May 7.6
Ranunculus bulbosus¥ bulbous buttercups 0.62 =51 4 May 8.8
Viola cucullata marsh blue violet 0.61 —-3.2 27 Apr 5.8
Houstonia caerulea bluets 0.61 —4.2 18 Apr 7.6
Ligustrum vulgaret privet 0.60 —6.2 23 Jun 9.8

Notes: Change is given as days/°C. P < 0.001 for all taxa shown. Negative change indicates a change toward earlier FFD in

warmer years.
+ Nonnative species.

example, 73% of the variation in the FFD of common
St. John’s wort (Hypericum perforatum) was explained
by changes in mean monthly temperatures in January,
April, and May. Two other species sensitive to mean
monthly temperatures, privet (Ligustrum vulgare) and
robin’s plantain (Erigeron pulchellus), each responded to
each 1°C increase in temperatures by flowering about six
days earlier.

Because taxa respond more to temperatures in
individual months rather than annual temperatures
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with temperature
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(Fitter et al. 1995, Sparks and Carey 1995), we examined
the relative importance of each month’s mean temper-
ature in predicting changes in mean FFD. Of the 221
taxa with FFDs that were significantly correlated with
the mean temperature of at least one month (P < 0.05),
116 (52%) were correlated with mean May temperatures,
while 100 (45%) were correlated with mean January
temperatures (Fig. 3). The FFDs of 162 (73%) taxa were
correlated with the mean temperatures either in the
month of flowering or in one of the two months prior to

Jul Aug Sep Oct Nov Dec|Jan Feb Mar Apr May Jun Jul Aug

Previous year

Year of flowering

FiG. 3. Frequency with which each month’s mean temperature was significantly correlated with the first flowering date (FFD)

of a taxon. Only significant correlations are shown (P < 0.05). The pattern is consistent whether the number of taxa or the
percentage of possible occurrences is considered. The FFDs for a total of 221 taxa were significantly correlated with mean
temperatures in at least one month. We tested correlations between FFD and temperatures in the month of flowering and in the 11
preceding months. Months are shown as occurring during the year of flowering or during the previous calendar year.
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flowering. Fig. 3 shows three peaks where months were
relatively important in predicting FFD compared to
nearby months: large peaks in April, May, and January
of the flowering year. A small number of species had
FFDs correlated with temperatures in August, Septem-
ber, and October of the year prior to flowering. This
pattern, which is consistent whether absolute number of
occurrences or percent of possible occurrences are
considered (data not shown), suggests that many species
are particularly sensitive to cold January temperatures
and to warming temperatures early in the spring or just
prior to flowering.

The peak in January is particularly striking, because
FFDs were often significantly correlated with mean
January temperature, but very rarely correlated with the
adjacent months, i.e., December of the previous year
and February of the flowering year. Mean January
temperatures were significantly correlated with FFDs
for equal percentages of all growth forms (approximate-
ly 33% each of annuals, perennial herbs, and woody
shrubs). It is possible that these correlations were due to
severely cold temperatures in January. January was the
coldest month in eight out of the 15 years that Hosmer
kept records (1888-1902).

Due to the large number of taxa included in our
analysis, we were also able to examine the effects of
season of flowering, growth form, nativeness, and
habitat on responses to climate change. We found that
FFDs for early-flowering (March, April, May, June)
taxa were more correlated with mean monthly temper-
atures than were FFDs for late-flowering (July, August)
taxa as shown by regression analysis (296 taxa, P <
0.001; Fig. 4). In other words, the mean FFDs of early-
flowering taxa were better predicted by and more
responsive to mean monthly temperatures than were
late-flowering taxa. Even though FFDs of early-flower-
ing species were more correlated with temperature, we
found that late-flowering taxa had greater standard
deviations about their mean flowering dates than did
early-flowering taxa, as determined by regression
analysis (P =0.016).

When we analyzed the same relationship according to
growth form, we found that growth forms differed
significantly in their patterns. The standard deviations of
annuals were not significantly affected by season of
flowering (18 taxa, P = 0.120); late-flowering perennial
herbs had greater standard deviations than early-
flowering taxa (194 taxa, P < 0.001). Woody plants,
however, displayed an opposite trend: early-flowering
taxa had greater standard deviations than late-flowering
ones (66 taxa, P=0.032). Because the majority of taxa in
the data set were perennial herbs (65%), it is likely that
the relationship between standard deviation and mean
FFD for perennial herbs drove the trend seen when all
taxa were considered together. In addition, on average,
annuals showed a marginally significantly greater
standard deviation about their mean FFDs than did
perennial herbs (11.2 compared to 8.7 days, t = 1.92,
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0.31

Correlation coefficient

Mean first flowering date

FiG. 4. The relationship between mean first flowering date
(FFD) from 1888 to 1902 and the correlation between FFD and
mean monthly temperatures in January and the two months
prior to flowering for 296 plant taxa. Each point represents one
taxon. Negative correlation coefficients indicate earlier flower-
ing in warmer years. Slope = 0.003, R*>=0.141, P < 0.001.

two-tailed P = 0.07), which in turn showed a signifi-
cantly greater standard deviation than did woody plants
(8.7 compared to 7.4 days, t=—2.77, two-tailed P =0006).
That is, life-form explained, in part, why some taxa had
more year-to-year variation in flowering compared to
others.

We found that nonnative taxa did not differ from
native taxa in their flowering responses to temperature.
Both native (239 taxa) and nonnative (54 taxa) taxa
showed a great deal of variation of response, but neither
standard deviations about mean FFDs (8.6 vs. 9.2 days,
t =—0.971, two-tailed P = 0.33) nor correlations with
mean monthly temperatures (correlation coefficients of
—0.490 vs. —0.523, t=0.863, two-tailed P=0.39) differed
significantly between the two groups. Similarly, habitat
(aquatic, forest, grassland, roadside, wetland) did not
explain any of the variation in flowering responses to
temperature.

The FFDs of many closely related (i.e., within the
same genus) and co-occurring species responded to
changes in temperature at very different rates. For
example, black birch (Betula lenta) and gray birch
(Betula populifolia), which occur in many of the same
habitats in Concord, show very different responses to
temperature (Miller-Rushing and Primack, in press).
Black birch flowered 2.83 days earlier for each 1°C
increase in January, March, and April temperatures (R>
=0.376, P=0.015), whereas gray birch FFDs showed no
relationship with temperature (P = 0.535). In an even
more dramatic example, rough-stemmed goldenrod
(Solidago rugosa) flowered 11.17 days earlier for each
1°C increase in January, May, and June temperatures
(R2 = 0.554, P = 0.001), whereas the FFDs of lance-
leaved goldenrod (Solidago graminifolia) and most other
goldenrods showed no relationship with temperature (P
= 0.535). Among the 52 genera for which Hosmer
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observed more than one species, 31 (60%) contained at
least one species with FFDs significantly correlated to
mean monthly temperatures in January and the two
months prior to flowering and at least one species with
FFDs that were not correlated with temperature. Of the
25 genera for which Hosmer observed just two species,
10 (40%) contained one species with FFDs significantly
correlated to mean monthly temperatures and one
species with FFDs not correlated to temperature.

DiscussioN

On average, plants in Concord appear to flower now
seven days earlier than they did when Thoreau made his
observations (1852-1858). Most of this change in
flowering time is probably due to rising winter and
spring temperatures. Temperatures in eastern Massa-
chusetts have increased more rapidly than in many other
areas of the world due to the combination of global
warming and the urban heat island effect (New England
Regional Assessment Group 2001). The rate at which
Concord plants responded to warming—3.3 days earlier
flowering for each 1°C increase in mean monthly
temperatures in January, April, and May—fits well with
findings in Europe (Sparks and Carey 1995, Chmielew-
ski and Rotzer 2001, Fitter and Fitter 2002) and North
America (Schwartz and Reiter 2000, Cayan et al. 2001).

We also found that mean monthly temperatures in
January and the two months immediately preceding
flowering were significantly correlated with the FFDs
for many species. It is known that plants respond to
temperatures from the previous fall (Fitter et al. 1995).
Cooling temperatures in the fall and winter often
contribute to the vernalization process, in which colder
temperatures lead to increased competence and earlier
flowering (Chuine 2000, Sung and Amasino 2004).
However, we found that colder January temperatures
were correlated to later flowering times. One reason for
the discrepancy could be the difference between climate
patterns in the northeastern United States and Western
Europe, the site of many previous studies of plant
phenology (e.g., Fitter et al. 1995, Sparks et al. 2000).
Winter temperatures in Western Europe’s maritime
climate tend to be significantly milder than those in
the continental climate of the northeastern United States
(Hartmann 1994, Seager et al. 2002). For an average of
12 days in each January (1963-2006), there is no snow
cover in Concord to insulate plants from the extreme
cold. Thus, overwintering plants and seeds in the
northeastern United States may be much more suscep-
tible to damage from January’s extreme cold tempera-
tures than are plants in Western Europe. It is also
possible that the phenologies of species in colder
climates may simply be particularly sensitive to climate
(Thoérhallsdottir 1998).

In another surprising finding, early-flowering peren-
nial herbs had FFDs that displayed less interannual
variability than did those of late-flowering taxa,
although the variation in early-flowering taxa was more
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closely linked to mean monthly temperatures (Fig. 2).
Previous studies have found individual examples of
highly variable flowering times in late-flowering peren-
nial herbs, such as bird’s foot trefoil (Lotus corniculatus;
Ollerton and Lack 1998), but we do not know of
previous evidence suggesting that it may be a widespread
pattern. Woody species showed the more usual pattern
of greater interannual variation in flowering times for
early-flowering species rather than late-flowering species
(Fitter et al. 1995, Post and Stenseth 1999). It seems that
the flowering times of many late-flowering perennial
herbs may have been linked to an indicator, or set of
indicators, that were more variable than mean monthly
temperatures, or that late-flowering perennial herbs have
inherently variable flowering times. Possibilities of non-
temperature indicators for flowering times include
phenomena such as rainfall, shading, and land use. It
is also possible that monthly temperatures were too
coarse to have a detectable effect on flowering times for
these species, and that daily temperatures may be more
appropriate. Further study is clearly necessary to isolate
the factors responsible for the high variation in the
flowering dates of late-flowering perennial herbs. In-
triguingly, Rich et al. (2008) found additional differenc-
es between woody and herbaceous species in a pifion—
juniper woodland suggesting that herbaceous species are
more responsive to environmental variation than are
woody species.

The flowering times of several species appear sensitive
enough to changes in temperature that they could serve
as indicator species and be used to measure biological
responses to changes in climate over time. Among the
species in our study, two particularly common species—
common St. John’s wort (Hypericum perforatum) and
chicory (Cichorium intybus)—both had high correlations
with mean monthly temperatures (R*> > 0.60) and had
mean FFDs that advanced more than three days per 1°C
increase in temperature (Table 1). Although these
species are nonnative, they are both common in urban
and rural areas across the United States and easy to
identify. Common and widespread native species, such
as highbush blueberry (Vaccinium corymbosum), Canada
mayflower (Maianthemum canadense), and larger blue
flag (Iris versicolor; see Plate 1) could also serve as
indicator species (Table 1). Before these species are
utilized as indicator species across their ranges, however,
we suggest that studies determine if their sensitivity to
changes in temperatures is consistent across their ranges.
Their usefulness as indicators for interacting species
should also be tested, as Both et al. (2006) have shown
that phenological changes may differ among different
parts of a food chain.

Our study suggests that flowering times are changing
at different rates for several closely related, co-occurring
species, such as those within the genera Betula and
Solidago. As the timing of flowering and other
correlated life history traits change for these species,
interactions among the species will also change. Un-
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PraTe 1. The first flowering dates of larger blue flag (Iris versicolor) were highly correlated with changes in temperature in
Concord, Massachusetts (USA). The flowering date of this species may provide a good indicator of biotic responses to climate

change. Photo credit: A. J. Miller-Rushing and R. B. Primack.

doubtedly, these changes will be to the advantage of
some species and disadvantage of others, although it is
difficult to predict the winners and losers. It is also clear
that the net effect of phenological changes on the fitness
of individuals or species will depend on complex, timing-
based interactions, sometimes spanning multiple trophic
levels (Stenseth and Mysterud 2002, Visser and Both
2005). For example, plants with particularly rapid
responses to changes in temperature could flower before
the emergence of their pollinators, thus decreasing their
chances of reproductive success (Kudo et al. 2008). In
other cases, plants may become more susceptible to frost
events or benefit from the lengthening of the growing
season (Inouye 2008, Kudo et al. 2008). As studies like
ours identify the species most sensitive to changes in
climate, researchers can specifically include these species
in their examinations of the ecological and evolutionary
impacts of non-synchronous shifts in flowering times.
In many instances, the best long-term phenological
data may contain observations made by several observ-
ers over long periods of time, as in our study. In these
cases, researchers must be mindful of the different time
periods and the methods that various observers might
use, including sampling effort (days/week, hours/day,
total area examined) and definitions of what constitutes
an open flower. For example, the statistical power of our
analysis was limited because of the heterogeneity of our
data, with only three years of recent observations. In

such a circumstance, one anomalous year could alter
results. In our case, mean January, April, and May
temperatures in 2004 and 2005 were colder than most
years since 1990 (Fig. 1). Thus, our estimates of changes
in flowering times are probably quite conservative. In
addition, we, Thoreau, and Hosmer observed flowering
times throughout Concord, while Logemann observed
flowering times only on her property in Concord.
Because Logemann observed a smaller area and fewer
plants, the first flowering dates she observed for many
species were later than they were for the other observers
(data not shown). Many phenological records document
changes in first observations, such as first flowering
dates rather than mean flowering dates. Changes in
population size or sampling effort can affect these first
observations independently of changes in the changes in
the population mean (Tryjanowski and Sparks 2001). If
populations decline over time or if sampling intensity
declines, first observations can occur later even when the
population mean does not change. Similarly, if popula-
tions increase over time or if sampling intensity
increases, first observations can occur earlier even when
the population mean does not change. Based on
Hosmer’s descriptions of species abundance, population
sizes in Concord remained fairly constant over the last
century for 32 of 43 of the main study species.
Population sizes declined over time for the remaining
11 species, meaning that estimates of changes in
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flowering times are probably overly conservative for
these 11 species. Clearly, it is critical that researchers
combine phenological data with descriptions of obser-
vation methods and changes in population sizes. Given
these caveats, however, observations made by different
individuals, or even using different methods, can yield
surprisingly high quality, consistent results (Miller-
Rushing et al. 2006).

Because of the clear ecological and evolutionary
importance of phenological responses to climate change,
we suggest that researchers increase efforts to collect
long-term phenological data via new projects and
searches of historical records. Many Long-term Ecolog-
ical Research (LTER) sites, as well as other research
sites, already collect such data. In addition, phenological
data sets already exist in many libraries, herbaria,
museums, and private homes (Ledneva et al. 2004,
Primack et al. 2004, Miller-Rushing et al. 2006).
Thoreau’s and Hosmer’s records were freely available
at various libraries, but had never been previously
analyzed. Logemann quite willingly shared her note-
books and charts, which she kept in her home. By using
such pre-existing records and adding new sites for
phenological studies, researchers could greatly enhance
our understanding of how phenological changes vary
according to location and species and how they might
affect other aspects of ecology and evolution (Betan-
court and Schwartz 2005).

In addition, evidence of phenological changes can
improve public awareness of the effects that climate
change is already having on biological systems. People
can see changes in phenology in their immediate
environment: plants flowering in gardens, fruits ripen-
ing, and birds arriving at bird feeders. We believe that
building on the observations of a well known figure such
as Thoreau can show that plants are responding to
climate change and increase the potential for public
outreach. Other studies of changes in phenology made
by famous individuals such as Aldo Leopold (Bradley et
al. 1999), or in well-known locations such as Wash-
ington, D.C. (Abu-Asab et al. 2001) and Boston
(Primack et al. 2004, Miller-Rushing et al. 2006)
generate similar public interest. Thoreau was keenly
aware of the importance of educating people about
environmental issues. He helped his townsmen to
appreciate wild nature, and he encouraged them to
protect it. He wrote, “I think that each town should have
a park, or rather a primitive forest of five hundred or a
thousand acres, either in one body or several, where a
stick should never be cut for fuel, nor for the navy, nor
to make wagons, but stand and decay for higher uses—a
common possession forever, for instruction and recre-
ation.” Residents of Concord and the government have
followed this advice; about 40% of Concord’s land is
preserved in parks and protected areas. With the help of
these protected areas, we have been able to continue the
same observations of flowering times made by Thoreau
at the same localities in Concord. We now hope that

Ecology, Vol. 89, No. 2

Thoreau’s observations and our own work will promote
broad discussion of the effects of climate change on
biological systems. Only with an understanding of the
changes taking place can people make informed
decisions regarding climate change.
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HERBARIUM SPECIMENS DEMONSTRATE EARLIER
FLOWERING TIMES IN RESPONSE TO WARMING
IN BOSTON!

DANIEL PRIMACK,> CAROLYN IMBRES,? RICHARD B. PRIMACK,>*
ABRAHAM J. MILLER-RUSHING,?> AND PETER DEL TREDICI?

*Biology Department, Boston University, Boston. Massachusetts 02215 USA: and *Arnold Arboretum of Harvard University,
Jamaica Plain. Massachusetts 02130-3500 USA

Museum specimens collected in the past may be a valuable source of information on the response of species to climate change.
This idea was tested by comparing the flowering times during the year 2003 of 229 living plants growing at the Arnold Arboretum
in Boston, Massachusetts, USA, with 372 records of flowering times from 1885 to 2002 using herbarium specimens of the same
individual plants. During this period, Boston experienced a 1.5°C increase in mean annual temperature. Flowering times became
progressively earlier; plants flowered 8 d earlier from 1980 to 2002 than they did from 1900 to 1920. Most of this shift toward earlier
flowering times is explained by the influence of temperature. especially temperatures in the months of February, March. April, and
May, on flowering time. Plants with a long flowering duration appear to be as useful for detecting responses to changing temperatures
as plants with a short flowering duration. Additional studies using herbarium specimens to detect responses to climate change could
examine specimens from specific. intensively collected localities. such as mountain peaks. islands. and unique habitats.

Key words:

Phenological observations provide one of the best biological
indicators of climate change (Schwartz, 1999; Pefiuelas and
Filella, 2001). A growing number of papers have demonstrated
phenological responses, such as earlier dates for flowering and
bird migration, to changes in temperature at specific localities
(e.g., Inouye and McGuire, 1991; Oglesby and Smith, 1995;
Sparks and Carey, 1995; Ahas, 1999; Bradley et al., 1999;
Fitter and Fitter, 2002). These phenological changes have been
shown to impact interspecific interactions and evolutionary
processes (Harrington et al., 1999; Inouye et al., 2000; Brad-
shaw and Holzapfel, 2001; Visser and Holleman, 2001). Phe-
nological responses to climate change have been shown to
exist at the global scale (Myneni et al., 1997; Walther et al.,
2002; Parmesan and Yohe, 2003; Root et al., 2003). Each of
these studies relies upon long-term data sets typically created
for the specific purpose of measuring phenology. Unfortunate-
ly, these data sets are rare and often difficult to find, and long-
term phenological data are not available for many regions and
species.

To supplement this small number of specialized historical
records, biological collections from museums, herbaria, zoos,
botanical gardens, and research stations may provide data for
examining patterns of response to changing climate. Data from
such collections has many advantages over the more conven-
tionally used historical data sets:

1. Although most current long-term phenological studies are
confined to Europe and North America, herbarium and
museum samples have been collected from locations
across the globe, and zoos and botanical gardens are sim-
ilarly dispersed.
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2. Collection records at herbaria and museums often extend
back more than 100 yr, providing information for a sig-
nificantly longer period than do most long-term data sets
that have been analyzed.

3. Many of the recent analyses of historical phenology re-
cords have been limited by data sets that include a rela-
tively small number of species. However, the records of
museums and herbaria often include samples from a large
number of species.

4. Historical data sets often describe only the beginning of
reproduction for an entire population, the timing of which
could be altered by changes in population size as well as
climate (Sparks, 1999; Tryjanowski and Sparks, 2001). On
the other hand, many specimens are collected at the peak
of reproduction—especially plants, which are often pre-
served at the flowering stage—a time that is resistant to
changes in population size.

5. Plants grown in controlled conditions may experience re-
duced fluctuations in nutrient availability, competition,
and herbivory, factors which may impact a species’ re-
sponse to climate change. Thus, specimens taken from bo-
tanical gardens might better show the impacts of various
climatic variables on phenology, while controlling for oth-
er factors.

If records from these collections could be used to detect
patterns of species response to climate change, we would have
a greatly expanded range of data for research.

The purpose of this project was to test whether herbarium
records could be used to detect long-term changes in flowering
times and the responses of numerous species to changes in
springtime temperature. As far as we know, this is the first
attempt to use museum specimens for this purpose. To accom-
plish this, we compared the current flowering dates of marked
individuals with their past flowering dates using herbarium
specimens collected over the last century at the Arnold Ar-
boretum in Boston, Massachusetts, USA.
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Fig. 1. Boston temperatures from 1885 to 2003 as reported by National Oceanic and Atmospheric Administration (2004). The top series (diamonds) represents
mean annual temperatures. The bottom series (squares) represents mean temperatures in February, March, April, and May. The two horizontal lines represent
the long-term mean temperatures for each series (annual = 10.3°C; Feb-May = 6.1°C).

MATERIALS AND METHODS

The Arnold Arboretum, managed by Harvard University, is the oldest ar-
boretum in the United States. It has a collection of 15000 living woody plants
and an associated herbarium of 80000 specimens, many of which were taken
from numbered plants still growing on the grounds. Herbarium specimens are
dried, flattened plant specimens, mounted on sheets, with label information
describing when and where they were collected. Often plants are collected in
full flower for use in later studies of plant taxonomy and morphology. After
examining these herbarium specimens and using our knowledge of species
biology, living plants were selected for study based on the following criteria:
(1) plants that produce conspicuous, easily recognizable flowers; (2) plants
that have an abrupt onset and fairly rapid decline of flowers, i.e., bloom for
a relatively short time; (3) plants that represent wild species (either native or
introduced) rather than cultivars and hybrids, to minimize unknown alterations
of plant physiology; and of greatest importance, (4) only individuals for which
there was at least one herbarium record of that plant in peak flower (at least
half of the flowers were open) were selected for this study. Using these cri-
teria, we selected 229 living plants for which there were 372 herbarium re-
cords of time of flowering between 1885 and 2002 (see Supplemental Data
accompanying the online version of this article); some individual plants were
represented by more than one herbarium specimen. These plants were con-
tained in 37 genera. Genera that had at least 10 individuals in the sample are
Amelanchier, Cornus, Corylopsis, Enkianthus, Halesia, Magnolia, Malus.
Prunus, Rhododendron, and Syringa. All specimens are woody plants. in-
cluding trees, shrubs, and vines. Individual plants are grown well spaced in
conditions considered ideal for the species, which includes mulching, weed-
ing, and pesticide and fertilizer applications when needed.

During the spring and summer of 2003, the same two people observed
these individually numbered plants weekly between 13 April and 14 July. The
observers determined the current peak flowering date and duration of flow-
ering for each plant. Plants were recorded as being in one of four stages: not
flowering, almost in full flower, full flower, or past full flower. A plant in full
flower was defined as having at least 50% of its buds in full bloom and as
being suitable for making a herbarium specimen. Once a plant was recorded
as past flower, it was no longer observed.

A single Julian date of full flower was determined for each plant in 2003,
although this date could have missed the true flowering peak by 3-4 d due
to sampling just once a week. In cases when full flowering was observed on
multiple dates, the mean of the Julian dates for those days was used. Once
the date of full flowering was determined for each plant in 2003, these dates

were compared with flowering dates based on the herbarium records. For each
record. the Julian date of peak flowering in 2003 was subtracted from the
Julian date of the past flowering date to estimate a change in plant flowering
dates. In effect. the flowering dates of 2003 were used as a standard against
which flowering times in other years were compared. The spring (February
through May) of 2003 was colder than any previous year since 1967 and was
more typical of temperatures early in the 20th century. Using these changes
in flowering dates for individual plants, we used multiple regression analysis
to examine how flowering times across all species have changed over time
and how this change compares to the trend of warming spring temperatures
in Boston. We estimated the following equation: AFT = & + B,ATemp +
B,ATime + p. where AFT, ATemp, and ATime are the difference between
the flowering time, temperature, and years, respectively, in 2003 and a past
year in which a herbarium specimen was collected. & is a constant, B, and
B, are regression coefficients, and p is a normally distributed random error
term.

Over the last 100 yr, Boston has experienced an annual temperature increase
of 1.5°C (Fig. 1), which has been due to regional climate change and the
urban heat island effect (New England Regional Assessment, 2001). We hy-
pothesized that, given this warming trend, analysis of herbarium samples
would demonstrate that plants are responding to a warmer climate by flow-
ering earlier. We believed that the main drawback of using herbarium samples
to determine peak flowering date would be the deviation between the dates
of collection and peak flowering; that is, people in the past might have col-
lected specimens early or late in the flowering season, obscuring trends in
flowering times. We investigated this area further in our analysis.

RESULTS

Over the last 100 yr (without considering temperature as an
explanatory variable), plants are flowering progressively ear-
lier, about 8 d earlier on average (Fig. 2). As seen in Fig. 2,
the flowering times of plants from 1900 to 1920 are indistin-
guishable from their flowering times in the cool year of 2003,
while plants flowering during the warmer years of 1980 to
2002 flowered much earlier than they did in the 2003 bench-
mark year.

We were concerned that three factors—outlying data points,
non-normal distribution of collection effort, and errors asso-
ciated with collection times of herbarium specimens—could
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Fig. 2. Changes in flowering times of plants at the Arnold Arboretum over time: number of days plants flowered earlier or later in the past than they did
in 2003 calculated as the Julian date the herbarium specimen was collected subtracted from the peak flowering date in 2003. Negative values indicate that a
plant flowered on an earlier date than that it did in 2003. The line is the best fit line for the series.

have obscured or skewed this trend. Because of the large num-
ber of data points (372 samples), the few outliers present in
the data set—such as a dogwood (Cornus mas) that flowered
27 d later in 1965 than in 2003 and a cherry tree (Prunus
apetela) that flowered 24 d later in 1987 than in 2003—did
not significantly affect the trend toward earlier flowering. Ad-
ditionally, although herbarium samples were collected more
actively in some decades than others—with a gap in collecting
from 1940 to 1960—the overall tendency toward earlier flow-
ering time in recent years was not affected. When the groups
of herbarium samples on either side of the gap in the record
are analyzed separately, observations in both periods demon-
strate significant trends toward earlier flowering (1885-1955,
P < 0.001; 1960-2002, P < 0.001).

In addition to the trend toward earlier flowering over time,
the herbarium records demonstrate that plant flowering times
are highly responsive to changes in average temperatures in
the 4 mo (mean temperature in February, March, April, and

LATER

N
o
i
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May) before and during flowering (P < 0.001; Fig. 3). Flow-
ering times are sensitive to relatively small shifts in tempera-
ture, advancing 3.9 d per 1°C increase in mean spring tem-
perature (when controlling for time). This rate of advancement
agrees with the findings of other studies, which have observed
flowering times to be 2-10 d earlier per 1°C increase in tem-
perature (Fitter et al., 1995; Sparks and Carey, 1995; Sparks
et al., 2000; Cayan et al., 2001). Given that temperatures in
February through May have warmed approximately 1.5°C over
the past 100 yr (Fig. 1), warming temperatures seem to have
caused the Arboretum plants to flower approximately 5 d ear-
lier over the past 100 yr. The multiple regression results also
showed that time (after controlling for changes in temperature)
showed a significant relationship with flowering time, with
plants flowering earlier over time (P < 0.001).

We examined possible sampling errors associated with her-
barium specimens. We wanted to determine if past herbarium
dates for plants with a long flowering duration in 2003 would
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Fig. 3. Changes in flowering times of plants at the Arnold Arboretum as temperatures increase: number of days plants flowered earlier or later in the past
than they did in 2003 in relation to the average temperatures in the February. March. April and May preceding flowering. Years are indicated for certain years
with many specimens and years with extreme temperatures. The line is the best fit line for the series.
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deviate more from the 2003 peak flowering date than would
those for plants with a short flowering duration in 2003. Our
hypothesis was that collectors would have a period of several
weeks to collect specimens from long-flowering plants, lead-
ing to more sampling variation than plants that flower for a
brief duration. To test this hypothesis, we divided plants into
three categories based on their flowering in 2003: rapid flow-
ering plants (174 records) with observed peak flowering of 1
wk or less; medium-flowering plants (115 records) with 2 wk
of peak flowering; and long-flowering plants (83 records) with
3 or more weeks of peak flowering. We then examined the
absolute mean difference of each plant’s herbarium collection
date from its date of peak flowering in 2003. We calculated
the mean differences for each of the three categories of plants.
We found that the mean differences were essentially the same
for each category of flowering duration (means and standard
deviations for rapid-, medium-, and long-flowering durations
are 8.2 = 6.2, 8.0 = 5.8, and 7.6 * 5.7, respectively). There-
fore, we concluded that, for the purposes of this study, collec-
tion bias did not affect data from plants with a long flowering
duration.

DISCUSSION

Using the herbarium records of the Arnold Arboretum from
1885 to 2002 and observations from one field season in 2003,
we were able to demonstrate a significant response of plant
flowering time to changing spring temperatures over the past
century. Specifically, plants are now flowering earlier because
of warmer spring temperatures, as shown by multiple regres-
sion.

We believe that four primary factors contributed to our abil-
ity to show this response. First, the large number of samples
used from the Arboretum herbarium (372 specimens) appears
to have overcome any possible error introduced by collection
dates that vary from peak flowering date. Second, the samples
come from one relatively homogenous location—that is, the
Arboretum grounds contain no significant shifts in elevation,
and land use has remained the same. These characteristics min-
imized sampling errors that might have hidden the effects of
climate change. Third, we were able to compare past flowering
times from herbarium samples with the current flowering time
of the same plants that are still living on the Arboretum
grounds. Thus, we were able to observe the flowering phe-
nology of each individual plant for one field season (2003).
That one year of data became our reference year, to which we
compared the historical flowering times and from which we
were able to establish trends in flowering date over time and
temperature. By using tagged plants, we were able to eliminate
the variation in flowering time among plants of the same spe-
cies caused by genetic and environmental variation.

Fourth, our study benefited from the excess warming in
Boston caused by the urban heat-island effect. Between 1885
and the present, the time covered by our study, the mean an-
nual temperature of the rural areas of Massachusetts warmed
by 0.7°C (Keim et al., 2003), while the city of Boston warmed
by 1.5°C, as the city surfaces were covered by more buildings
and paved surfaces. The extra warming almost certainly made
the trend toward earlier flowering time in Boston more visible
than it would have been in other, less urbanized areas of the
United States (Roetzer et al., 2000). Such earlier flowering has
similarly been noted in other urban centers, such as the Wash-
ington, D.C., area (Shetler and Wiser, 1987). However, the
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large sample size used in our study would have likely allowed
us to detect earlier flowering with even less warming than the
1.5°C warming experienced by Boston.

When we used multiple regression to control for tempera-
ture, plants were still flowering earlier over time. Therefore,
factors other than temperature at the Boston weather station
were also affecting flowering times. These factors could in-
clude temperature in other months of the year and other cli-
matic variables, such as rainfall and humidity. Local condi-
tions within and around the Arboretum may also affect flow-
ering times. For example, increased paving of roads within the
Arboretum and construction of buildings on adjacent land may
have caused localized warming. Finally, if plants were flow-
ering over a longer period as they increased in size and age
and were consistently collected at the beginning of their flow-
ering period, there could be a false trend toward earlier flow-
ering over time. Further investigations are needed in order to
determine the relative importance of these factors.

Our results suggest that other museum and herbarium col-
lections could be utilized to measure the effects of climate
change on phenological events. We believe that many such
intensive collections exist at other institutions. Collections may
also exist in a much more dispersed form, with samples having
been collected from one location by many individuals and now
being held at various storage sites. Certain localities with un-
usual concentrations of endemic or rare species have been in-
tensively collected by biologists at many periods in the past,
especially mountain peaks, islands, swamps, lake shores, and
dunes. For example, biologists have collected extensively from
many isolated natural areas—e.g., the top of Mount Washing-
ton in New Hampshire, the Florida Everglades, the northern
tip of Newfoundland, and Stewart Island off the southern coast
of New Zealand.

If information on flowering time from one of these locations
could be gathered into one data set, an analysis could reflect
the responses of native species to climate change. We believe
that many such data sets from around the world could be as-
sembled, covering the last 100-150 yr. Using such data, anal-
yses could allow scientists to clarify the extent and character
of local variation in natural responses to climate change. Fur-
thermore, this would improve predictions of the effects that
future climate change might have on biological communities.
Using herbarium specimens from the Arnold Arboretum and
1 yr of observation, we have been able to demonstrate a clear
pattern of earlier flowering over time and earlier flowering in
response to warmer spring temperatures.
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Summary

1. The scarcity of reliable long-term phenological data has severely hindered the study of the
responses of species to climate change. Biological collections in herbaria and museums are potential
sources of long-term data for such study, but their use for this purpose needs independent valida-
tion. Here we report a rigorous test of the validity of using herbarium specimens for phenological
studies, by comparing relationships between climate and time of peak flowering derived from her-
barium records and from direct field-based observations, for the terrestrial orchid Ophrys sphegodes.
2. We examined herbarium specimens of O. sphegodes collected between 1848 and 1958, and
recorded peak flowering time directly in one population of O. sphegodes between 1975 and 2006.
The response of flowering time to variation in mean spring temperature (March—May) was virtually
identical in both sets of data, even though they covered different periods of time which differ in
extent of anthropogenic temperature change. In both cases flowering was advanced by ¢. 6 days per
°C rise in average spring temperature.

3. The proportion of variation in flowering time explained by spring temperature was lower in the
herbarium record than in direct field observations. It is likely that some of the additional variation
was due to geographical variation in collection site, as flowering was significantly earlier at more
westerly sites, which have had warmer springs, over their range of 3.44° of longitude.

4. Predictions of peak flowering time based on the herbarium data corresponded closely with
observed peak flowering times in the field, indicating that flowering response to temperature
had not altered between the two separate periods over which the herbarium and field data were
collected.

5. Synthesis. These results provide the first direct validation of the use of herbarium collections to
examine the relationships between phenology and climate when field-based observational data are
not available.

Key-words: biological collections, climate change, flowering time, herbarium specimens,
natural history collections, Ophrys sphegodes, Orchidaceae, phenology, spring, temperature

Introduction

Phenological events respond directly to climate. Recent
climate change has undoubtedly affected the timing of devel-
opment and seasonal events in many groups of organisms,
including amphibians (Beebee 1995), birds (Crick ez al. 1997),
fungi (Kauserud et al. 2008) and plants (Sparks & Carey

*Correspondence author. E-mail: a.davy@uea.ac.uk

1995; Fitter & Fitter 2002). Understanding the effects of
recent climate change is a vital step towards predicting the
consequences of future change. Moreover, only by elucidating
the responses of individual species will we be able to predict
the potentially disruptive effects of accelerating climate
change on species interactions.

Detecting phenological trends in relation to long-term
climate change is not straightforward. Because trends can be
concealed by short-term inter-annual climate variation

© 2010 The Authors. Journal compilation © 2010 British Ecological Society
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(Badeck er al. 2004), long datasets are needed. For most
species, data collected specifically for the study of climate-
induced phenological change are not available, or are difficult
to find, reflecting the scarcity of long-term monitoring schemes
(Sparks & Carey 1995). The choice of species for long-term
studies of phenology has thus been dictated up to now by the
availability of suitable field records. A further major obstacle is
that most long-term data only record the beginning of pheno-
logical events in populations, such as dates of first flowering.
Miller-Rushing, Inouye & Primack (2008) have shown that the
use of such data to infer changes in phenology can be unreli-
able, and they advise that dates on which phenological stages
reach their peak are preferable. However, long-term field-
based records of the dates on which phenological events are
at their peak are extremely rare.

Specimen-based records in biological collections are another
potential source of data, verifiable in both space and time, for
the study of climate-induced phenological change. Until
recently, the potential of such records has been largely over-
looked (Suarez & Tsutsui 2004), even though the only data
available for studying phenological trends in many species
are those held in natural history collections in museums or
herbaria. Recent phenological studies have utilised less ortho-
dox data sources, including historical archives (Aono & Kazui
2008), photographs (Miller-Rushing ez al. 2006; Sparks,
Huber & Croxton 2006; Crimmins & Crimmins 2008) and
herbarium specimens (Primack ez al. 2004; Bolmgren &
Lonnberg 2005; Lavoie & Lachance 2006; Miller-Rushing
et al. 2006; Bowers 2007, Kauserud et al. 2008; Gallagher,
Hughes & Leishman 2009). Herbarium records are unique
amongst these sources of information in that they capture an
individual plant’s phenological state at the time and location
of collection, and therefore may represent a substitute for field
observation. Herbarium specimens are also likely to have been
collected when phenological stages such as flowering are near
their peak, rather than at an early or late stage in such seasonal
events. Recent studies suggest that herbarium collections may
provide data that can be exploited in climate change studies,
because findings have been broadly in line with trends reported
in the phenological literature (Sparks 2007) and have sup-
ported the predictions of physiological models of phenological
events such as flowering (Bowers 2007). Nevertheless, they
depend on averaging-out the numerous possible influences and
biases involved in a collection process that was not designed
with the study of phenology in mind, within which the climatic
signal-to-noise ratio might be low. Given the absence of long-
term monitoring for most species, there is little direct evidence
from which to evaluate the potential of averaged trends in
events such as flowering time, derived from herbarium
collections, as proxies for field data.

We report a critical comparison of independent field- and
herbarium-derived data as predictors of flowering time in a
species (the terrestrial orchid Ophrys sphegodes) for which a
unique long-term phenological record of peak flowering time
was available (Hutchings 2010). As the flowering time of plants
that flower in early summer is generally advanced after warmer
springs, we examined relationships between the flowering date

of O. sphegodes and climate in the 9 months prior to flowering.
This corresponds with the period from the end of tuber dor-
mancy to flowering in this species. Specific hypotheses were (i)
that flowering date would be advanced by warmer springs, (ii)
that the relationship between flowering date and mean spring
temperature would be the same in data derived from herbar-
ium records and annual field observations, and therefore (iii)
that in a particular species for which this test is possible, her-
barium records would be validated both as an effective proxy
for long-term monitoring in climate change research and as a
predictor of phenological responses to future climate change.

Materials and methods

STUDY SPECIES

Ophrys sphegodes (the early spider orchid) is a species of southern and
central Europe, with a northern range limit that includes southern
England. It is associated with ancient, species-rich grassland over
calcareous soils. At present the species is rare in the UK, where it is
largely confined to Dorset, West and East Sussex and Kent (Lang
1989; Harrap & Harrap 2005).

Although the length of the mycotrophic, subterranean phase of the
life cycle of O. sphegodes is unclear, it is a short-lived species after its
first appearance above ground, rarely flowering for more than three
consecutive years. Few plants survive for more than 10 years after
initial emergence (Hutchings 1987, 2010) and most survive for less
than 3 years. In the UK, the leaves of O. sphegodes emerge above
ground in September or October (Hutchings 1989). The flowering
period is relatively short, commencing during late April or early May,
and usually ending by late May (Lang 1989). In most populations in
the UK inflorescences bear from one to six flowers (usually two or
three), which open in succession from the bottom of the inflorescence.
Pollination is followed by rapid withering of the flower. Sanger &
Waite (1998) found that the number of inflorescences bearing ripen-
ing seed peaked at the end of June and that rapid dieback of the plant
ensued; few plants remain above ground at the end of July. This rela-
tively short reproductive period would be expected to conserve any
climatically-induced phenological signal.

HERBARIUM DATA

We examined all 192 specimens of O. sphegodes held in herbaria at
the Natural History Museum, London (BM, 133 specimens) and
Royal Botanic Gardens, Kew (K, 59 specimens) to verify identifica-
tion. All of the specimens originated from southern coastal counties
of England (Dorset, Isle of Wight, Hampshire, East and West Sussex,
and Kent), reflecting the limited historical distribution of O. spheg-
odes (Carey & Dines 2002). The geographical range of the sites from
which specimens were collected was 3.44° (decimal) longitude and
0.76° (decimal) latitude. Specimens with incomplete data for site of
collection and collection date were discarded. Because of the rarity of
0. sphegodes in the UK, the dataset was comparatively small and
therefore it was important to ensure that the records represented the
peak flowering stage as closely as possible. For this reason only speci-
mens with at least 60% of their flowers open were included in the
study; normally most of the flowers are open at the same time in
0. sphegodes. Some of the herbarium sheets consisted of multiple
specimens mounted together. As the specimens in such cases had been
collected by a single collector, on the same day and at the same loca-
tion, they were treated as non-independent and the mean percentage
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of open flowers was derived. Individuals in fruit or with senescent
flowers were excluded.

We rejected 53% of the 192 specimens: 2 were damaged, 9 had
unclear or illegible records of collection date, 31 were not dated, 60
were imprecisely dated (only the month or year), 3 were in seed, and 1
presented fewer than 60% of flowers open. Nine specimens were
duplicates (multiple specimens) and therefore mean results were used.
The final data set comprised 77 specimens providing at least one data
point for each of 57 years, spanning a 111-year period from 1848 to
1958.

FIELD DATA

Records of the peak flowering time of O. sphegodes were made in 25
of the 32 years between 1975 and 2006 in a demographic study of a
population consisting of many thousands of plants at Castle Hill
National Nature Reserve, East Sussex, UK (Hutchings 2010). Peak
flowering was based on assessment of the entire population to give a
central tendency that would fit the flowering phenology of as many
individual plants as closely as possible.

METEOROLOGICAL DATA

Mean monthly Central England Temperature (CET) records for the
period 1848-2006 (Parker, Legg & Folland 1992) were obtained from
the UK Meteorological Office (http://hadobs.metoffice.com/hadcet/
cetml16590n.dat). This is the only complete climate record available
for the years during which the herbarium records and field data were
collected. However, data for Central England are strictly representa-
tive only for a roughly triangular area enclosed by Bristol, Preston
and London (Parker, Legg & Folland 1992). This is to the north of
the distribution range of O. sphegodes. Monthly mean temperatures
were available from two Meteorological Office weather stations on
the south coast, in locations corresponding with eastern and western
centres of the distribution of O. sphegodes. Eastbourne, East Sussex
UK, 21 km east of the Castle Hill field site, operated for the period
during which the field records were collected. Monthly minimum and
maximum temperature data were available for Southampton, to the
west, for all but 5 of the 111 years of the collection period covered by
the herbarium specimens. Data from both of these collection sites
would be expected to represent the climate within the distribution
range of O. sphegodes better than the climate records available from
CET. The means of monthly minimum and maximum temperature
were used for both stations. Historical temperature data were not
available closer to any of the sites of collection of the individual speci-
mens in the herbarium records.

ANALYSIS

The distribution of collection dates in the herbarium dataset for
1848-1958, expressed as number of days after 1 April, was checked
for normality and presence of outliers. The peak flowering date for
the Castle Hill population in the years 1975-2006 was similarly
expressed as days after 1 April.

Both sets of flowering phenology data were examined for relation-
ships with mean CET temperature data from the 9 months prior to
the flowering season (i.e. the period of growth following breaking of
tuber dormancy the previous summer). These data included mean
monthly temperature and its averages over successive 3-month
periods (September—November, December—February, and March—
May). This was carried out to establish which temperature variables
had the highest predictive power for flowering time in both sets of
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Table 1. Comparison of correlations between flowering date and
temperature for the herbarium records and the field data.
Correlations are shown with mean temperatures for 3-monthly
periods and individual months in the same year as flowering
(January—May) or in the year previous to flowering (September—
December). A negative correlation indicates that a higher mean
temperature is associated with an earlier flowering date

Herbarium data Field data

Period of mean (1848-1958) (1975-2006)
temperature n =177 n =25
Seasons:

September—November —-0.004 -0.072
December—February —-0.065 —0.610%*
March—May —0.426** —0.801%*
Months:

September 0.008 -0.273
October 0.108 0.226
November —-0.106 -0.171
December 0.047 —-0.085
January —-0.003 —0.579**
February -0.159 —0.549%*
March —0.396** —0.609%*
April —-0.153 —0.405*
May —0.259* —0.592%*

**pP < 0.01; *P < 0.05.

phenological data. Multiple regressions using mean temperatures for
the individual months failed to produce a single model that could be
applied to both of the datasets, because of collinearity between the
variables, and the fact that the models included different individual
months for the two data sets. However, the mean temperature for the
3 months from March to May had the highest individual correlation
with peak flowering date in both sets of data in an analysis of single
variables (Table 1). This was designated ‘mean spring temperature’
and was adopted as the single predictor variable in comparisons of
the phenological responses in herbarium and field data. Models using
mean spring temperature accounted for only marginally less variation
than the best combinations of months in separate stepwise (forward)
multiple regressions. In order to investigate whether distance from
the weather station influenced the relationship, the phenological anal-
ysis was repeated using Eastbourne mean spring temperature data for
the field phenological regressions and equivalent Southampton data
for the herbarium phenological regressions.

Variation in flowering time among the herbarium specimens was
further investigated using a regression on (decimalised) longitude of
origin. This sought to identify geographical sources of variation.

The linear regression model derived from the herbarium data and
CET was used to predict peak flowering dates from mean spring tem-
perature for the years between 1975 and 2006 for which field observa-
tions were available. Regression analyses were carried out with spss 16
(SPSS Inc., Chicago, IL, USA). Slopes and intercepts of regressions
were compared using Graphpad Prism 5 (Graphpad software Inc.,
La Jolla, CA, USA). Predicted flowering dates were compared with
observed flowering dates using principal axis regression (Sokal &
Rohlf 1969).

Results

Data derived from herbarium specimens over the 111-year per-
iod from 1848 until 1958, and recorded in the field between
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1975 and 2006, both confirmed the importance of spring tem-
perature in determining flowering time. We found significant
individual correlations between peak flowering date and sev-
eral measures of mean temperature in the CET records in the
preceding months (Table 1). For herbarium material, there
were significant correlations with mean temperature in March
and May of the year of flowering but the highest correlation
was with mean temperature over the 3 month period from
March—May. Results for the field data were similar, but with
significant correlations for January, February, March, April
and May. The strongest correlation was again with the mean
for the period March-May.

As predicted, warmer years were associated with earlier
flowering. The regression of flowering date obtained from the
herbarium specimens on mean March-May (spring) tempera-
ture (Fig. 1a) accounted for 18% of the variation in flowering
time. A 1 °C increase in mean temperature between March
and May was associated with an advance in flowering of
6.5 days. Analysis of the field data yielded strikingly similar
results. Linear regression of flowering date on mean spring
temperature accounted for 64% of the variation in date of
flowering (Fig. 1b)and a 1 °C increase in mean spring temper-
ature was associated with an advance in flowering of 6.7 days.
The regression models derived from the herbarium data and
field data were statistically indistinguishable: neither the gradi-
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Fig. 1. Relationships between flowering date (expressed as days after
1 April) and mean spring temperature (March-May) in Central
England derived from (a) herbarium records from 1848 to 1958
(v = 99.54—6.51x, r’ = 0.182, P < 0.001, n = 77) and (b) field
data between 1975 and 2006 (y = 101.88—6.69x, P = 0.642,
P < 0.0001,n = 25).

ents (Fyog = 0.0035, P = 0.952) nor the intercepts
(F99 = 0.0908, P = 0.764) were significantly different, indi-
cating that the phenological response to temperature was the
same during the different periods over which the two sets of
data were collected.

Applying the same analysis with less geographically distant
temperature data for the field and herbarium records gave sig-
nificant and strikingly similar results. Spring temperature at
Southampton accounted for 13% of the phenological varia-
tion in herbarium data (Fig. 2a) and Eastbourne temperature
accounted for 59% of that in the field data. In both cases
flowering advanced by 5.7 days per 1 °C increase in spring
temperature. The two regressions were again statistically indis-
tinguishable (gradients, Fjo; = 0.00007, P = 0.993; inter-
cepts, Fi o4 = 0.854, P = 0.358). Furthermore, the gradients
of the two regressions of field data on temperature recorded at
Eastbourne and CET were not significantly different
(Fy46 = 0.481, P = 0.491), and neither were the gradients of
the two regressions with herbarium data using Southampton
and CET temperature records (F 45 = 0.130, P = 0.719);
this indicates that the predicted flowering responses of
the plants to temperature were consistent irrespective of the
temperature records used. In both of these comparisons the
intercepts were significantly different (field data, F, 4; = 14.6,
P = 0.004; herbarium data, Fj 4 = 103, P = 0.002),
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Fig. 2. Relationships between flowering date (expressed as days after
1 April) and mean spring temperature (March-May): (a) between
herbarium records from 1855 to 1958 and temperature at Southamp-
ton (y = 99.8-5.66x,° = 0.134, P = 0.0016,n = 72); (b) between
field data from 1975 to 2006 and temperature at Eastbourne
(v = 97.7-5.68x,1° = 0.586, P < 0.0001,n = 25).
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Fig. 3. Relationship between flowering date (expressed as days after
1 April) and longitude of collection site for the herbarium records.
Negative values of decimalised longitude are westerly (y =
45.74-4.86x,1° = 0219, P = <0.001,n = 69).

55

45

35

Predicted flowering date (days from 1 April)

30 . . . .
30 35 40 45 50 55

Observed flowering date (days from 1 April)

Fig. 4. Relationship between observed flowering date in the field (y)
in 25 years between 1975 and 2006, and flowering date predicted from
herbarium data for the same years (). The principal axis regression
(solid line) is y; = —0.173 + 1.021y», = 0.63, P < 0001, n =
25. The dashed line would apply if there were exact correspondence
between the observed flowering date and the predicted flowering
date.

reflecting the differences between the temperature records
used.

The effect of longitude of origin on the flowering time of
herbarium specimens was significant (Fig. 3). Flowering was
earlier at more westerly collection sites by an average of
4.86 days per degree longitude.

The regression model derived from herbarium specimens
(1848-1958) and CET was used to predict flowering dates for
each of the 25 years between 1975 and 2006 for which there
were field records of time of flowering. These predictions were
highly correlated with the observed peak flowering dates
(P < 0.01); the principal axis regression between observed
and predicted dates had a coefficient close to unity (1.021) and
accounted for 63% of the variation (Fig. 4).

Herbarium specimens for climate change studies 5

Discussion

Although biological collections can potentially provide valu-
able evidence of the impacts of climate change on the phenol-
ogy of plant and animal species (Sparks 2007), their value as a
proxy for field data has not previously been tested indepen-
dently for any species. Miller-Rushing et al. (2006) compared
flowering dates in recent benchmark years with those derived
from historical photographs and herbarium specimens (1900
1921) for a range of species and found that not only were the
deviations highly correlated with the corresponding differences
in spring temperature but they yielded a trend that was very
similar to that observed in independent field data of first flow-
ering dates for the years 1887-1903. Bolmgren & Lonnberg
(2005) established correspondence between flowering times
derived from herbarium records and phenological observa-
tions, but did not investigate the underlying climatic drivers.
The power of historical collection data to predict the conse-
quences of future climate change needs to be tested directly.
The availability of field data for the rare terrestrial orchid
Ophrys sphegodes, recorded at a single site in the UK over a
32-year period, provided a unique opportunity to seek valida-
tion of the relationship between flowering date and mean
spring temperature that was apparent from analysis of data
from herbarium specimens collected over a much longer, and
different, period of years. The comparison is greatly strength-
ened by the fact that peak flowering time was recorded in the
field, rather than date of first flowering, which is more common
in long-term phenological records. It is now clear that first
flowering dates may not be ideal measures of plant responses
to climate change, because the extremes of flowering distribu-
tions are more susceptible to confounding effects than central
values (Miller-Rushing, Inouye & Primack 2008). Herbarium
collections also tend to reflect peak flowering, as collectors gen-
erally aim to obtain prime specimens in full flower, as testified
by the fact that we had to discard only one specimen in which
too few flowers were open to satisfy our sampling criterion.
Both historical and contemporary data showed that the
peak flowering date of O. sphegodes was earlier in years with
warmer springs, as expected (see also Hutchings 2010). This
was the case both when the two phenological records were
related to a common temperature record (CET) and when field
and herbarium records were related to different but more geo-
graphically proximate temperature records (Eastbourne and
Southampton respectively). The close correspondence between
field and herbarium regressions, irrespective of the geographi-
cal locations of the temperature records tested, argues for the
robustness of the relationships. Furthermore, using geographi-
cally different temperature records did not significantly alter
the results for either contemporary or historical sources of
data. Previous phenological studies have found similar correla-
tions between flowering date and measures of spring tempera-
ture in spring- and summer-flowering species. The estimated
advance in peak flowering date of 5.7-6.7 days per 1 °C rise
in temperature in O. sphegodes is within the range reported
for advance in first flowering date in other species in the UK.
Fitter et al. (1995) reported a mean advance of first flowering
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date of 4.4 days per 1 °C for 243 species at a single locality but
with considerable differences between species; similarly, first
flowering dates of 24 species, averaged across the UK,
advanced between 2 and 10 days per 1 °C increase in tempera-
ture (Sparks, Jeffree & Jeffree 2000).

The relationships between peak flowering date and spring
temperature derived from contemporary and historical data
for O. sphegodes were nearly identical, indicating a common
response to spring temperature, notwithstanding that the his-
torical collection and field observation periods were dissimilar
in length, separated in time and different in geographical
extent. This consistent response is important, as the pace of cli-
mate change has accelerated since 1975 when the field studies
were initiated (IPCC 2007). None of the herbarium specimens
was collected after 1958 and they therefore largely pre-date the
period of fastest anthropogenic climate change. Because the
field and herbarium data were independent, it was possible also
to test the power of the earlier herbarium records to predict the
effects of subsequent climatic warming. Importantly, although
there was some variation between years in the accuracy of pre-
dictions, the overall predictive power was extremely good, with
the principal axis regression line for predicted and observed
values lying close to theideal 1 : 1 relationship.

Rigorous validation of the type presented here, although
only based on data for a single species to date, serves to
increase confidence in the use of biological collections for pre-
dicting future phenological responses to climate change.
Despite the strong underlying mean temperature signal, varia-
tion in flowering time may be influenced by a myriad of fac-
tors, and there are likely to be more confounding factors in
the herbarium record than in the field data, because it
includes specimens taken from a wider range of geographical
locations and microhabitats. Predictions based solely on
mean spring temperature in Central England accounted for
18% of the variation in flowering date seen in herbarium
specimens, but 64% of variation in flowering date in the field
records from a single site. Use of more local temperature
records in fact accounted for slightly (but not significantly)
less variation in both cases, possibly because of the use of
minimum and maximum temperatures averaged on a
monthly rather than daily basis. Another important explain-
able source of variation in flowering time in the herbarium
record was the geographical range of collection sites, as seen
in the significant regression on longitude. This was the major
gradient in distribution, and earlier flowering at westerly sites
is consistent with a climatic trend to warmer springs in the
west. This suggests that, had local temperature records been
available for each collection site, even more of the variation
in flowering time would have been accounted for by spring
temperature. Despite the lower signal-to-noise ratio in the
herbarium record, the signal was the same as in the field data
and it was applicable over a much longer period. Bowers
(2007) used physiological models based on previously deter-
mined flowering requirements (trigger dates and heat sums
above a 10 °C threshold) to predict, retrospectively, advanc-
ing flowering dates of shrubs in the Sonoran desert through
the 20th century. A correlated tendency towards earlier collec-

tion dates in herbarium material over the same period sup-
ported the hypothesis that there had been a genuine response
to changing climate, especially as there was no evidence that
collector behaviour had changed over the period of study.
However, the use of herbarium specimens assumes that they
are representative samples of the population from which they
are drawn. The potential for bias resulting from variation in
collection effort has been voiced as a concern by previous
authors (Case et al. 2007). Our study demonstrates both that
collector bias is not a problem when the herbarium data
accepted for use in scientific studies are subjected to carefully
controlled selection criteria, and that it is not necessary to
have hundreds of specimens in order to extract useful infor-
mation about the relationships between climate and time of
flowering. Although further validation using additional
species with different phenologies is desirable, the extreme
scarcity of suitable field observations limits opportunities for
this to be achieved at the present time. As a spring-flowering
plant, O. sphegodes falls into a group identified as having
flowering phenologies that are likely to be particularly sensi-
tive to temperatures early in the year (Fitter ez al. 1995),
although both the scale and direction of changes in phenology
can be idiosyncratic and potentially influenced by additional
climatic drivers (Crimmins, Crimmins & Bertelsen 2010).
Species that flower later in the summer may be less sensitive
to warmer temperatures, and species that reproduce in the
autumn may be sensitive in the opposite direction; analysis of
34 500 dated herbarium records of autumn-fruiting of mush-
rooms in Scandinavia has revealed an average delay of
12.9 days since 1980, as the growing season has been extended
by warming (Kauserud et al. 2008).

For most species of plants and animals, biological collec-
tions are the only source of long-term phenological data. It is
estimated that some 2.5 billion specimens of flora and fauna
are held in biological collections worldwide (Graham et al.
2004). The current drive toward digitisation of collections is
facilitating the dissemination of the information they contain.
An estimated 60 million records are already available for a
wide range of taxa via internet information networks such as
the Global Biodiversity Information Facility and HerpNET
(Graham et al. 2004). With appropriate validation, the exploi-
tation of this resource will have increasing relevance and value
(Prather et al. 2004) as we seek to understand and predict the
consequences of continuing climate change.
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